Introduction
Total energy flow (production and respiration) in ectotherm populations may be similar to that of endotherm populations (Bennett and Gorman 1979; Turner et al. 1976 ), but the allocation of energy to maintenance versus production and the standing crop (biomass) are markedly different in the two groups, reflect,ing their different functions in ecosystems and mechanisms for ensuring their survival (Golley 1968; McNeill and Lawton 1970; Wieser 1984) .
Endotherms use all but 1-3% of the assimilated energy for maintenance owing to both ecological reasons (lower rate of natural increase) and physiological reasons (cost of body temperature maintenance) (Golley 1968; Wieser 1984) . Ectotherms, with population structures which favor production and whose total respiration costs are low, allocate 20% or more of the assimilated energy to production (Humphreys 1979; Wieser 1984) . Consequently, on a per gram basis, the energy required by ectotherms is low in comparison with endotherms, yet on a population basis, ectotherms, which may have much higher biomasses per unit area than endotherms, consume similar quantities of energy. Therefore, ectotherm populations are not low-energy systems, but rather fixers of large quantities of energy into biomass, and those ectotherms that are abundant 'Present address: Battelle Columbus Laboratories. 505 King Ave., Columbus, OH, U.S.A. 43201.
[Traduit par Ie journal] and have short life cycles are important in energy transfer (Turner et al. 1976 ).
Here we examine the bioenergetics (biomass, consumption, assimilation, respiration, production) and associated efficiency indices of the western spruce budworm (WSB), Choristoneura occidentalis Freeman, an abundant and economically important ectotherm herbivore of the coniferous forests (McKnight 1967) . A simulation of WSB bioenergetics under different temperature regimes is evaluated with regard to mechanisms which favor production. Population energetics are considered in relation to the functional role of ectotherms in ecosystems.
Methods and materials WSB were obtained from the Forest Sciences Laboratories, Corvallis, Oregon, and were maintained on McMorran's artificial diet (McMorran 1965) . Throughout the experiments a 12 h light: 12 b dark photoperiod was maintained.
Measurements of oxygen consumption (standard metabolic rates; Gordon 1977) were obtained from larvae of both sexes over a range of body weights (3-213 mg fresh weight) at three temperatures (I~, 20, 30°C) using standard Warburg manometric techniques (Umbrelt et al. 1964) . The larvae were placed at the testing temperature 12 h prior to measuring oxygen consumption and were allowed to adjust to the 7-mL flask for ca. 0.5 h. Oxygen consumption was recorded over a 2-to 3-h period and measurements were adjusted to standard temperature and pressure.
Growth rates, frass production, and consumption rates were measured on larvae of both sexes ranging from 5 to 200 mg fresh weight .~ m ',1 :.
and at several temperatures (10, 20, 25, 28, 31°C) . Individuals were laced in 30-mL plastic cups with cubes of artificial diet and were ~hecked for the a~ve parameters after 1-4 days depending upon the 'jiinperature and size of the larvae. The remaining food and the frass ~uced were then dried at 50°C and weighed. The larvae were weighed (fresh weights) and several were then used to determine dry l~ :weights. Measurements were converted to rates on a per day basis save ~ for growth rates where an instantaneous growth rate was calculated using the following equation:
[I] g = (In WI -In WO/(tl -to) ,where g is the daily instantaneous growth rate, WI and wo are the final and initial fresh weights and (tl -to) is the time interval (Petrusewicz and Macfadyen 1970) . Dried samples of frass, food, and larvae were processed in a Phil-'upson micro bomb calorimeter to determine the energy content using standard bomb calorimetry methods (Grodzinski et aI. 1975) . Frass and larval samples were pooled from at least 20 individuals for particular weight and temperature categories. Samples from th'e range of ; weights and temperatures were used to see whether weight or temper-,alUre had an effect on energy content. Oxygen consumption measurements were converted to energy units (kilojoules) using a respiratory quotient (RQ) of 1.0 which took into consideration that growth was an accumulation of protein, 0.8 < RQ < 1.0 and fat RQ > 1.0 (Cairns 1982 ).
The energy budget equation, C -F = A = R + P, where C is consumption, F is frass, A is assimilation, R is respiration, and P is production, allows for the calculation of assimilated energy and allows one to check whether the energy budget equation balances (i.e., does
"n~t production efficiency (P / A), and production to respiration ratio (plR and P/R') were also calculated where R' = C -F -P. :', Multiple regression models were fit to the data on oxygen con-:'sumption, growth rates, frass production, food consumption, and population energetics using the Statistical Analysis System (SAS; Proc GLM and Stepwise) (Anonymous 1979 
~.
fresh weight (milligrams); t, temperature (degrees Celsius); sex was " coded I for males and 0 for females; R, respiration (microlitres of O 2 " per hour); C, consumption (milligrams per day); F, frass production (milligrams per day). The scaling of the y-axis in Fig. 6 was done for computer plotting purposes and was done as fol1ows: consumption, frass production). At 10 intervals (equally spaced in time) the accumulated energy components were calculated (both on a weight and a kilojoule basis), as well as the efficiency indices.
Results and discussion
Respiration rates initially increased rapidly with increased weight and temperature, and then tapered off to a plateau at high temperatures and later instar weights ( Fig. 1 ). There were no significant differences between the sexes, as a main effect, when weight was included in the model. (S5, 0.97, 0.0028, 0.00002, 0.030, 0.0007,0.(012) Growth, measured as an instantaneous rate, increased with temperature and decreased with the weight of the larvae (Fig.  2) . Male larvae had slightly higher growth rates for a given temperature than did females. ture increased beyond 26°C, the consumption rates declined (Fig. 3) . (193,0.75,0.0037, 0.202,0.011,0.0002,0.0002) Frass production was similar to, but lower than, the consumption rates (Fig. 4) . Sex had a slight effect on frass production, with males producing more frass per day than females 
, . \ '\! \ . Duke and Crossley 1975; 6, Hinton 1971; 7, Miller and Mann 1973; 8, Wiegert and Evans 1%7; 9, Otto 1975; 10. Johnson 1976; II, Albert 1983; 12. Edgar 1971; 13, Lawton 1971; 14, Humphreys 1978; IS, Reichenbach 1981; 16, Tumeret al. 1976 ; 17. Burton and Likens 1975; 18, Small 1975; 19 . Grodzinski et al. 1%6; 20. Hansson 1971; 21, MOnlgomery eral. 1975; 22. Gorecki 1977; 23. revised figures of Chew and Cbew 1970; 24. Baarand Aehal'ly 1976; 25. Golley 1960; 26, Holmes and Sturges 1973; 27, Pernella 1976. <Multiple species complexes. d Energy consumed estimated using assimilation efficiencies (Chew and Cbew 1970) of the most commonly ingested food items and for Ihe lizard. an 85% assimilation efficiency was assumed since they consume arthropods. for a particular temperature and weight. The energy content of the males varied with size, with males of larger size having higher energy values (Table 1) . Potentially this was due to increased fat deposition, which could be used by the adult males during flight activity while searching for females. The females did not show a similar trend. Percent water was greater for small larvae than for large larvae ( Table   - ~---------I). Frass energy content did not vary with temperature or sex and the average value was used in all calculations (Table I) .
Assimilation efficiency (AIC; based on laboratory data) rose with increase in temperature and decreased with increase in the weight of the larvae (Spearman's correlation coefficient: r = 0.196, n = 188,p = 0.007; r = -0.308, n = 188,p = 0.0001, respectively).
Net production efficiency (PIA; based on laboratory data) decreased with increased weight of the larvae and did not show a significant trend in relation to temperature (Spearman's correlation coefficient r = -0.363, n = 160, p = 0.0001; r = -0.002, n = 160, P = 0.983, respectively).
The cumulated bioenergetic components, calculated in the simulation model, showed that the energy budget equation, C -F = A = P + R, was not balanced and this was probably due to the R component (Wrightman 1981) . The measured respiration rates, on the average, needed to be multiplied by 2.44 to equal the calculated respiration rates. The measured respiration rates were resting rates, where feeding was not taking place and digestive activity was reduced, In the analyses that follow, the calculated R was used.
Weight gain (production) assumed a sigmoidal shape with larvae in the lower temperature regimes weighing less than those in the higher temperature regimes (Fig. 5A) . The net production efficiency (Fig, 58 ) and assimilation efficiency (Fig. 5C ) in relation to time showed a shift in their peak with maxima occurring earlier for higher temperature regimes, indicating that these efficiences were related to the size of the larvae. The final assimilation efficiencies were slightly higher for larvae in the lower temperature regime (50-52%; Fig. 5C ). In contrast, the final net production efficiencies over the entire larval I ife span were higher for larvae under the higher temperature regimes, ranging from 9 to 18% (Fig. 58) .
The trend in all the temperature regimes (only simulation results at b o = 6 are shown) was for the assimilation efficiency (Figs. 5C, 6A ). This initial rise in assimilation efficiency may be due to the slow rate of ingestion by early instars which might provide sufficient time . to extract large amounts of energy from the food. The decline inAIC has been attributed to less selective feeding on foliage by later instar larvae since these larvae consume large quantities of energy (Koller and Leonard 1981) . In our experiments, thedigestability of the food remained the same from early to iate instars and yet a similar trend for AIC was noted. When the assimilation efficiency began to drop, the consumption rates iricreased (Fig. 6A ), yet a net increase in the amount of energy assimilated was noted (Fig. 6B) . Hence a "trade off" occurred, ' as food consumption increased, digestive efficiency declined, yet more energy was assimilated. ; The lack of a decline in AIC for larvae in the low temperature regime (Fig. 5C ) might be due to their consumption rates never having reached a point where digestive efficiency was ·sacrificed. The larvae, in the low temperature regimes, did not attain a weight similar to larvae at the higher temperatures. In the higher temperature regimes, large amounts of food were consumed at a lower digestive efficiency, yet at the benefit of ' a net increase of assimilated energy available for production.
-::This large amount of assimilated energy allowed for the production efficiency to rise even though theAIC had declined. Eventually the PIA began to decline, ca. several days to 1 week after the peak of the AIC. When the PIA began to decline, weight gain stabilized and the upper portion of the sigmoidal curve for weight versus time was reached (Fig. 6C) .
At the point where the PIA began to decline the respiration rates were high, partially because of the activity associated with high consumption rates and the increased size of the larvae. So as more assimilated energy was allocated to respiration, the production of new tissue decreased (Fig. 6D) . .. ,Hence the WSB and possibly other lepidoptera have a strategy that involved several "trade offs" which facilitated prot duction (growth and reproduction). Early instar larvae were characterized by low consumption rates, high assimilation efficiency, low total respiration costs, and consequently a high rate ·oftissue production. As the larvae increased in size, consumption rates increased, assimilation efficiency declined, yet the total amount of energy assimilated increased so that production continued until respiration costs rose exponentially.
.Population energetics . Population energy components of the WSB (biomass, production, assimilation, consumption, and respiration) compared well with the trends seen in other ectotherm herbivores (population data was from McKnight (1967) which were used in conjunction with the simulation results (bo = 4) that produced
• similar developmental times for WSB as found in McKnight's study).
.·Data compiled on population energetics of endotherms and ectotherms were categorized as detritivores, ectotherm herbivores, carnivores, omnivores, and endotherm herbivores, car-' I ;nivores, omnivores, and granivores (Table 2 ). Initial analysis using principal components (PCA; all the variables being log ) ' values) showed that the first component, a measure of tissue (biomass and production) explained 90% of the variance of the data and the second component (a contrast of the tissue component versus respiration and consumption; explained 9% of the variance), allowed for separation of the groups into a maximum of two groups, endotherms and ectotherms. ~~Comparisons of median values of C, P, B, and R for populations of ectotherms and endotherms showed no significant. differences between Rand C, while ectotherms had significantly higher values for P and B (Table 3) . Because the biomass of ectotherms exceeded that of endotherms, population respiration rates were similar to endotherms, even though respiration rates on an individual basis were low in ectotherms. Consumption rates followed a similar pattern of being low for ectotherms on an individual basis relative to endothenns, but when compared on a population basis, the two groups consumed similar quantities of energy. Production was higher in ectotherm populations for both ecological and physiological reasons (Golley 1968; Wieser 1984 
